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Crystalline large-pore, metal-substituted aluminophosphate molecular sieve 
catalysts of the MeAPO-36 topology, containing divalent forms of Co, Mg and Zn with 
similar molar compositions, were synthesized under hydrothermal conditions and 
characterized. Investigations on crystallinity, thermal stability, acidic properties and 
surface area of the MeAPO-36s were carried out. The catalysts were shown to preserve 
their crystallinity after they were incorporated into y-alumina pellets. The catalytic 
activities of the NiMo/MeAPO-36 supported on y-alumina were evaluated for the 
hydrocracking of gas oil under mild hydrocracking conditions by using high 
temperature/high pressure (HT/HP) reactor at 400 °C and 5.5 MPa hydrogen partial 
pressure. The performances of the catalysts were compared by determining their activity 
for the conversion of the gas oil towards naphtha and middle distillates. The catalysts 
showed potential activity, with CoAPO-36 exhibiting higher activity than MgAPO-36 
and ZnAPO-36. The net percentage conversions obtained under the given conditions 
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CHAPTER 1 
INTRODUCTION AND STATEMENT OF THE PROBLEM 
1.1 Introduction 
The change in demand towards light and middle distillate transportation fuels 
coupled with a growing supply of heavier feeds including tar and heavy oils which are 
more contaminated (with sulfur, nitrogen, asphalthenes, metals) calls for improved 
conversion capabilities [1]. This increased demand for light and middle distillate 
transportation fuels, as contrasted with the reduced demand for heavy oil consumption, 
imply an increased mobilization of cracking processes which have to convert heavier feed 
stocks to lighter and middle distillates. The decreasing demand for heavy fuel oil in 
recent years requires that refiners develop technologies and improve process efficiencies 
for upgrading heavy oil into higher-value middle distillates. To increase middle distillate 
production, the refinery can choose from several processing options such as fluid 
catalytic cracking, catalytic cracking and cocking [2], The key consideration for the 
optimization and development of efficient hydroconversion process is the capital 
investment cost [3], Because of the high capital investment cost of the above processes, 
one attractive alternative process is mild hydrocracking (MHC). MHC can be considered 
as an intermediate between hydrotreating and conventional hydrocracking. 
Hydrotreating is a mild operation in which the primary purpose is to remove 
heteroatoms, mainly sulfur and nitrogen by hydrodesulfurization (HDS) and 
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hydrodenitrogenation (HDN) operations, respectively without significantly altering the 
boiling range of the feed [4], By contrast, hydrocracking refers to the process in which 
the main objective is to convert the heavy fractions of the feed into more valuable lighter 
products, such as naphtha, kerosene, and middle distillates. Since hydrocracking has the 
ability to treat a wide range of feedstocks to a wide range of products, for maximum 
efficiency, it is desirable to have a wide range of catalysts broadly optimized for the 
desired use with the right balance between hydrogenation and cracking functions [5], 
The hydrocracking process basically converts high boiling molecules into desired lower 
boiling molecules by simultaneous or sequential hydrogen and carbon bond breaking. 
The development and improvements in hydrocracking have made it possible to yield a 
mixed slate of products from liquefied petroleum gas (LPG) and naphtha to furnace oils 
and catalytic cracking feedstocks. This adaptability surely makes hydrocracking the most 
versatile of the many processes used in the modern oil refinery [5], 
MHC is a process used to produce relatively higher yield of lighter products by 
using more moderate operating conditions than conventional hydrocracking. While 
conventional hydrocracking is carried out at hydrogen partial pressures varying from 
10.0-20.0 MPa, MHC uses hydrogen partial pressures of 4.0-8.0 MPa [6], The lower 
hydrogen partial pressure in MHC leads to lower conversion and to less hydrogenated 
products. It produces a large quantity of low sulfur fuel oil and smaller quantities of 
middle distillates. The fuel oil obtained by MHC is an excellent feedstock for catalytic 
cracking. The middle distillates obtained in this process are of lesser quality than those 
obtained by conventional hydrocracking due to the lower degree of hydrogenation. 
However, the increasing demand for middle distillates and the low capital investment 
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cost required for MHC operation makes MHC a very attractive and inexpensive way to 
convert vacuum gas oil into more valuable middle distillate products [7, 8], MHC can be 
used for conversion of heavy feedstocks. The process has proven successful especially 
for conversion of the fraction boiling above 540 °C. The major advantage of this process 
is that it can be accommodated in a standard hydrocracking unit [2], 
Catalysts used in MHC include a hydrogenating-dehydrogenating function 
supplied by the combination of transition metals, usually Co (or Ni) and Mo (or W), 
supported on an acidic carrier such as, silica-alumina, or zeolites which allow conversion 
of heavy hydrocarbons via carbonium ion cracking [9], The zeolite containing catalysts 
are currently used extensively in MHC. The amorphous based hydrocracking catalysts 
are more sensitive to deactivation by cocking and by organic nitrogen compounds and 
ammonia, formed in the HDN reactions than zeolite-based catalysts [4], However, 
because of their very high cracking activity, zeolite based hydrocracking catalysts show a 
higher selectivity to LPG, gasoline, and low to middle distillates than the amorphous 
systems. 
The effect of catalyst composition and porosity on MHC of heavy oil has been 
investigated by Dai and Campbell [10], The authors used a series of NiMoP catalysts 
containing a variety of supports with different acidities and porosities (alumina, boria- 
alumina, magnesia-alumina, silica-alumina, titania-alumina, Y-zeolite + alumina). 
Mildly acidic alumina catalysts containing basic oxides, such as magnesia or litia, as well 
as the boria-alumina catalysts showed the best performances. Catalysts with strongly 
acidic supports, such as silica-alumina or Y zeolites were not suited for conversion of 
heavy oils in the MHC mode because of high sediment formation. The sediment 
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formation generally decreases with increasing macroporosity and acidity. This shows 
that the performances of the zeolite/alumina catalyst depend on a balance between pore 
access and acidity. 
Microporous inorganic solids have been the subjects of intensive studies. This is 
because microporous materials offer many possibilities as catalysts in the petroleum 
refining industry and synthetic fuel production. According to the IUPAC definitions, 
microporous materials have a pore size below 20 Â, mesoporous materials contain pores 
in the range of 20-500 Â whereas macroporous materials have pores exceeding 500 À 
[U] 
Inorganic macroporous solids are well known as porous gels or glasses. Due to 
their amorphous structure they generally posses a relatively broad pore size distribution. 
They are used in different applications including separation processes (e.g., 
chromatography) or as catalyst supports. Microporous solids are exemplified by zeolites 
and their related compounds. Zeolites are in their narrowest definition aluminosilicates 
with a periodic three-dimensional framework structure containing voids and channels, 
built by crystalline walls. Related compounds possess similar or sometimes even the 
same structure but differ in chemical composition of the framework (eg., 
aluminophospates, galophosphates etc ). Due to their periodic crystalline structure they 
exhibit an extremely narrow pore size distribution, which is an important feature for their 
specific applications in adsorption, molecular sieving and shape selective catalysis [12], 
The outstanding properties of zeolites and their related compounds have made them one 
of the important subjects in solid sate chemistry. The major drawback of their use has 
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been this limited pore size, which excludes larger molecules from the size process 
occurring in the channels and voids of these materials. 
Aluminosilicate zeolite Y and ZSM-5 (pore opening of ~ 5.4 Â) are currently 
being used with an enormous impact in the oil refining industry as cracking catalysts for 
gas oil and residue in order to convert these to gasoline and mid distillates. However, the 
restricted pore size of zeolites excludes, in this application, the larger hydrocarbon 
molecules of the bottom of the barrel from the intra pore cracking process [5], 
1.2 Objectives of this research 
Novel large-pore, metal containing aluminophospates (MeAPOs) in which an 
active metal is incorporated into the framework structures show tremendous catalytic 
activities for a wide range of reactions. However, though these materials show 
tremendous catalytic potential, well defined catalyst systems from the MeAPO family 
have yet to be tested as heavy oil cracking components. The specific objectives of this 
project are: 
1) To synthesize and characterize novel metal substituted aluminophospate molecular 
sieves of the type MeAPO-36 containing a range of divalent metals (namely Mg, Co, 
and Zn) following optimized procedures stated in the literature. 
2) To evaluate the catalytic performances of these catalysts for the upgrading of heavy 
gas oil into smaller middle distillate fractions under MHC conditions. 
CHAPTER 2 
SURVEY OF RELEVANT LITERATURE 
2.1 Heavy gas oil and reside definition and compositions 
2.1.1 Definition of heavy gas oil and resid 
Heavy gas oil is operationally defined as the fraction of petroleum that has a 
boiling point range of 340-525 °C [13], Resid or residuum is operationally defined as the 
fraction of petroleum that does not distill under vacuum [13]. Resids have atmospheric 
boiling points above 525 °C, and in a refinery would be produced as the bottom product 
from a vacuum distillation column. Conventional crude oils from around the world 
contain 10-30 % of resids, which need processing to be converted into more valuable 
gasoline and lighter products. 
2.1.2 Chemical compositions of heavy gas oil and resid 
The composition of heavy oil and residues from conventional crudes depends on 
both the original oil and subsequent processing. The main building blocks which 
combine to give the high boiling compounds found in heavy oil and residue fractions 
include hydrocarbon groups, heteroatomic groups and metals [13], The hydrocarbon 
groups are composed of aromatic structures, hydroaromatics (hydrogenated aromatics), 
naphthenes (cyclic saturates) and paraffins. The aromatic rings found in heavy oil and 
resid are normally substituted with alkyl groups or bridges to other aromatics. 
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The hydroaromatics occur in the natural oil, as well as in streams that have been 
hydrogenated. Many hydroaromatics in the feed residues are likely derived from 
naphthalene rings. Examples of these are shown in Figure 2.1. 
Tetralin 9,10-Dihydrophenathrene 
(1,2,3,4 -tetrahydronaphthalene) 
Figure 2.1 Hydroaromatic structures in heavy oil. 
Naphthenic compounds containing one to six fused rings have been found in the 
heavy oil as can be shown in Figure 2.2. 
Decalin Steranes 
Figure 2.2 Naphthenic structures in heavy oil. 
The heteroatoms found in the heavy oil and residue include sulfur, nitrogen and 
metals. Sulfur is found as thiophene homologs. A series of alkyl substituted thiophenes, 
benzothiophenes and cyclic thioethers are found in the residue [13]. Examples are 
presented in Figure 2.3. 
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Substituted thiophene Dibenzothiophene 
Figure 2.3 Sulfur compounds in heavy oil. 
Nitrogen is present in two main forms: as the non-basic derivatives of pyrrole, and 
the basic derivatives of pyridine as can be illustrated in Figure 2.4. Both types of 




Figure 2.4 Nitrogen compounds in heavy oil. 
The metals found in the residue occur in two forms: porphyrin metals, which are 
chelated in porphyrin structures analogous to chlorophyll, and non-porphyrin metals 
which are thought to be associated with the polar groups in the asphaltenes. The 
porphyrin ring is based on pyrrole groups which complex the metal atom. 
2.2 Chemistry of upgrading and hydrotreating reactions 
Hydrocracking is quite complex in terms of the catalytic chemistry involved. 
Normally the process consists of two separate stages [5], as illustrated in Figure 2.5.The 
first stage is primarily a hydrotreatment step involving heteroatom removal reactions i.e., 
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HD S, HDN and hydrogenation of aromatic structures together with a relatively minor 
contribution from hydrocracking reactions. Typical hydrotreating catalysts based on 
mixed sulfide systems (e.g., Ni/Mo/AbOa) are most suitable for the first process step. 
The actual hydrocracking reaction occurs primarily in the second step, which makes use 
of a bifimctional catalyst combining both hydrogenation and acidic components (e.g., Ni/ 
Mo/zeolite). Thus hydrocracking catalysts are dual catalysts, having both cracking and 
hydrogenation-dehydrogenation functions [5]. The cracking function is provided by a 
high surface area, acidic support, whereas the hydrogenation component is usually a 
metal, oxide, or sulfide of a group VIII and or group VIB. The acidity function and 
hydrogenation function ratio is usually optimized so as to provide maximum overall 
activity. Currently, the cracking components of the catalyst contains molecular sieve 














Figure 2. 5 Schematics of the hydrocracking process 
Given the composition of the heavy oil and residues, and the specification of the 
residue and petroleum fractions, the general chemical objectives of upgrading processes 
are [13]: 
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1) To convert high molecular weight heavy oil and residue components to middle 
distillates, i.e. compounds with a boiling point below 525°C; 
2) To remove the heteroatoms to acceptable levels; 
3) To improve the H2/C ratio of the distillate products to one suitable for transportation 
fuels. A high H2/C ratio is most desirable in the middle distillates for diesel and jet 
fuels. These fractions must be highly aliphatic in order to give appropriate ignition in 
the diesel engines and to minimize smoke production. These conversions require the 
breakage of carbon-carbon and carbon-sulfur bonds in the residue fractions. Thus, 
the primary objective of any upgrading process is to break chemical bonds, giving a 
lighter product. Achieving these process goals requires that the heavy hydrocarbon 
molecules undergo a number of different reactions, some thermal and some catalytic. 
2.3 Thermal reactions 
Thermal reactions occur spontaneously in organic mixtures at a high enough 
temperature and are non-catalytic. The main interest during the upgrading process is to 
break carbon-carbon, sulfur-sulfur and carbon-hydrogen bonds. The breakage of carbon- 
carbon bonds is mainly due to free-radical chain reactions. Free-radicals are highly 
reactive intermediates which have unpaired electrons. Thermal processes use moderately 
high temperatures and high pressures for the conversion of high-molecular weight 
hydrocarbons to liquid products. Heavy oils are mainly composed of multi-ring 
aromatics and bridged naphthenes. The presence of higher aromatic concentration 
renders the formation of distillates under thermal reactions. Higher aromatics undergo 
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addition reactions to form bridged aromatics which then undergo further addition 
reactions to form polynuclear aromatic rings this ultimately leads to coke formation. 
2.4 Catalytic reactions 
The main role of catalysts in the upgrading process is to enhance the uptake of 
hydrogen and prevent condensation and cocking reactions [15]. A variety of transition 
metals are active for hydrogenation reactions such as, nickel, cobalt, and molybdenum. 
These metals have the virtue of being active in the sulfide state, as well as in metallic 
form. The high sulfur concentrations in upgrading process guarantee that metal surfaces 
are in the sulfide form, so that more active hydrogenation catalysts such as platinum 
cannot be used. The activity of a metal sulfide catalyst depends on three major factors: 
the metal used, the surface area of the metal, and the presence of any alloyed metals. The 
normal practice for obtaining very high surface areas is to support the metal sulfide as 
very small crystallites on high surface area supports such as y-alumina. 
High activity hydrogenation catalysts for upgrading are mixtures of Co and Mo or 
Ni and Mo supported on y-alumina and formed into pellets or beads. Under hydroproc¬ 
essing conditions, the active metals are in the sulfide forms, with Co or Ni acting as a 
promoter on crystallites of M0S2. These catalysts are gradually deactivated in service 
due to deposition of vanadium and nickel sulfides from the feed oil, and due to coke 
formation. In the presence of a catalyst and hydrogen gas, aromatic groups are 
hydrogenated to give hydroaromatics and naphthenes. The more rings in an aromatic 
cluster, the more thermodynamically favorable the hydrogenation reactions. Benzene 
rings are the least reactive, due to resonance stabilization. The resonance stabilization 
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energy of aromatic structures decreases on a per-bond basis from benzene to higher 
fused-ring aromatics. The delocalization of the n-electrons due to resonance gives very 
low electron density in benzene this property correlates with reactivity [13]. 
Polyaromatics such as naphthalene and phenanthrene are more easily hydrogenated than 
benzene, and in the presence of hydrogen, a catalyst, and a hydrogen acceptor these 
compounds can undergo hydrogenation reactions as represented in Scheme 2.1. 
Scheme 2.1 Hydrogenation of naphthalene and phenanthrene. 
Miki et al. [14] suggested that, although the breakage of carbon-carbon bonds is a 
thermal process, the presence of a catalyst serves to enhance the exchange of hydrogen 
with the liquid hydrocarbons. This supply of hydrogen directs the products toward the 
saturated alkanes and helps to control coke formation. For example, conversion of 
olefins helps to suppress coke formation as illustrated in Scheme 2.2. 
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Scheme 2.2 Hydrogenation of an olefinic bond. 
H2 
(1-nonene) (n-nonane) 
The sulfur compounds in the gas oil exhibit very different reactivities [13]. The 
aliphatic sulfur species are readily converted by thermal reactions to hydrogen sulfide. 
Conversion of thiophene compounds requires catalytic HDS. The action of the catalyst 
gives rise to two parallel reaction pathways as can be represented in Scheme 2.3. 
Scheme 2.3 Removal of sulfur from the gas oil. 
2H2 
3H2 
1 1 1 \\ H2S 
3H2 
3 H2 
The first reaction is referred to as hydrogenolysis, due to the bond breakage caused by 
hydrogen. The second pathway is simple hydrogenation. The relative importance of the 
two types of reactions depends on the reaction mixture, the catalyst, and hydrogen 
pressure. Ni/Mo and Co/Mo catalysts are selective for sulfur hetrocycles, in preference 
to aromatic hydrocarbons. This selectivity is thought to be due to the favorable 
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energetics of coordination of the sulfur atoms with active sites on the catalyst surface. 
Prins et al. [15] proposed one representation of the reaction mechanism, where 0 
represents the active site, as can be represented in Scheme 2.4. In this catalytic cycle, the 
active site on the molybdenum is regenerated by hydrogenation of the attached sulfur 
groups to give hydrogen sulfide. 
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Nitrogen compounds are much less reactive, in part because only the 
hydrogenation pathway is observed in catalytic HDN, as illustrated for pyrrole reaction in 
Scheme 2.5. 
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Nitrogen compounds build up in the residue fraction during upgrading, due to their low 
reactivity. Gray et al.[16] reported that a pitch after hydrocracking has double the 
nitrogen content of feed oil, due to an accumulation of both pyrrolic and basic 
compounds. 
Once the sulfur compounds are removed and nitrogen compounds have been 
reduced to a low level, the heavy oil distillates can be catalytically cracked over acidic 
catalysts. Two main classes of catalysts are used for this process: zeolite catalysts, 
mainly used in fluid-catalytic reactors, and bifunctional catalysts, consisting of metals 
such as nickel supported on silica/alumina or zeolites which are normally used in 
distillate hydrocracking. In both cases, the active sites for cracking are highly acidic. 
Alkanes adsorb to the catalyst, and undergo cracking and rearrangement via 
carbonium ion intermediates as shown in Scheme 2.6, where S+ represents the acid site of 
the catalyst. Active cracking catalysts are poisoned by nitrogen compounds that react 
with the acid sites. Hydrocracking uses hydrogen pressure and metallic catalysts to 
control coke formation an to simultaneously stabilize unsaturated products. The catalysts 
are bifunctional to provide the appropriate blend of acidic cracking activity and 
hydrogenation activity. By hydrogenating the feed compounds, the catalyst transforms 
the reactants that are involved in subsequent cracking. For example, hydrogenation of 
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the phenanthrene ring by a catalyst creates a compound that is much more easily cracked. 
Hydrogenation of aromatic rings and hetrocyclic compounds also reduces boiling point 
without actual breaking of carbon-carbon bonds as illustrated in Scheme 2.7. Since 
cracking is defined based on distillation yields, a decrease in boiling point due to catalytic 
hydrogenation and hydrogenolysis can give an apparent contribution of hydrogenative 
catalysts to cracking. 




























In the presence of even a weak hydrogenation catalyst, the olefins produced by cracking 
are hydrogenated. If these compounds are not hydrogenated, they can undergo addition 
reactions with free radicals to increase molecular weight. The addition of a catalyst can 
prevent undesirable reactions in the feed, such as dehydrogenation and coking, thereby 
sustaining a high yield of liquids and low coke. 
17 




BP 332 °C 
Biphenyl 
BP 256 °C 
3 H2 
Cyclohexyl benzene Bicyclohexane 
BP 235 °C BP 217 °C 
2.5 Metal substituted aluminophosphate molecular sieves; (MeAPOs) 
In 1982, a wide range of micro-porous aluminophosphate molecular sieves 
(AIPO4) were prepared by researchers in the Union Carbide laboratories [17]. More 
recently, the compositional and structural range of molecular sieves has been signifi¬ 
cantly increased by the discovery of crystalline microporous aluminophosphate based 
frameworks, beginning with the aluminophosphates. Other members of this large AIPO4 
based family include the silicoaluminophosphates (SAPO-n), titanium aluminophos¬ 
phates (TAPO-n), metal aluminophosphates (MeAPO-n), and metal silicoaluminophos¬ 
phates (MeASPO-n). The metal aluminophosphate (MeAPOs) molecular sieves with 
frameworks containing aluminium, phosphorus and metal cation (Me), where Me is the 
divalent metal cation such as Mg, Co, Zn and Fe were reported by Flanigen and 
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coworkers in 1986 [18]. They represent the first incorporation of divalent elements into a 
microporous framework. The framework structures of MeAPOs, like all 
aluminophosphate molecular sieves, are based on a three dimensional network of 
tetrahedral coordinated atoms linked via oxygen atoms in a similar manner to zeolites. 
This gives rise to porous structures with cavities of molecular dimensions. 
In the parent AIPO4, there is a strict alteration of A1 and P such that the Al/P= 1 
and Al-O-Al and P-O-P bonds are absent. The first family of aluminophospate based 
molecular sieves, designated AlPC>4-n, where n is an integer denoting the structure type 
were prepared in a preferred range of pH from mildly acidic to mildly basic, containing 
aluminium and phosphorus in tetrahedral lattice sites. These compounds have been 
described as having the composition of x: AI2O3: P2O5 :yH20 where R is the amine or 
quaternary ammonium species used as a component of the original gel synthesis [19]. 
The quantity (x + y) represents the amount needed to fill the microporous void of the 
final framework. 
The new family of molecular sieves, metal substituted aluminophosphates 
(MeAPOs), were synthesized by hydrothermal crystallization of reactive aluminophos¬ 
phate gels containing the additional framework elements and the organic template, and 
they have a compositional range 0.0-0.3 R(MexAlyPz)02, (20) where Me= Co
11, Mg11, 
Zn11, Fe11 Mn11; x = 0.08-0.16; y = 0.033 - 0.42 and z = 0.5. The framework stoichiometry 
shows that z, the mole fraction of phosphorus, is 0.5 and the sum of x and y, the mole 
fractions of divalent metal cation and aluminium respectively, is 0.5. Since Me is 
substituted for Al3+ hypothetically, MeAPO-n are negatively charged on the framework. 
19 
This negative charge must be balanced by protons or metal cations, resulting in Bronsted 
acidity or ion exchange capacity. 
The synthesis of these crystalline metal-substituted aluminophosphate molecular 
sieves generally involves a gel phase which is digested under the hydrothermal 
conditions. The usual method of synthesis is to prepare an aluminophosphate gel by 
using phosphoric acid, pseudoboemite and metal acetates as sources of phosphorus, 
aluminium and divalent metals, respectively, and an organic base. The product is then 
crystallized from the synthesized gel by heating it in an autoclave at temperatures 
between 100 and 200 °C for a period of 12-168 hr. The organic template is usually a 
secondary, tertiary or quaternary ammonium compound and has a critical structure¬ 
directing influence. Synthesis in the absence of the organic template results in the 
formation of dense or amorphous materials. However, as in the synthesis of zeolites, the 
role of the template is a complicated one that is difficult to predict [21]. Thus, the 
specificity of a structural type for a particular template varies widely. The organic 
template is usually maintained intact in the final product, trapped within the structure, 
where it adopts a space filling role and can be removed by heating at 400-600 °C, thus 
opening the porous system to form the molecular sieve. 
2.6 Catalysis in metal substituted aluminophosphate molecular sieves 
While AIPO4 molecular sieves with only two framework elements are 
catalytically inactive, most of the three or multi-component aluminophosphate-based 
molecular sieves possess ion exchange capacity and catalytic activity. Thus, unlike the 
parent AIPO4, the MeAPOs, like zeolites have a negatively charged framework resulting 
20 
from the substitution of the divalent metal cations. This negative framework is balanced 
by protons or metal cations located within the channels, resulting in Bronsted acid 
catalysts and ion-exchange capacity. The catalytic properties of the MeAPOs have been 
evaluated by various researchers [20, 23-26], These include applications such as 
cracking, hydrocracking, alkylation of both aromatics and isoparaffin types, 
isomerization including xylene isomerization, polymerization, reforming, hydrogenation, 
dehydrogenation, transalkylation, dealkylation and dehydration. 
2.7 Structure of MeAPO-36 
The crystalline MeAPO-36 (36 denotes the structure type) molecular sieves have unique 
three-dimensional structures. These structures are chosen for the upgrading of heavy oil 
under MHC conditions, because they possess high thermal stability, high acid strength 
and large number of accessible sites. The pore architecture is composed of an elliptical, 
one-dimensional channel system defined by 12-membered rings, with no intersecting 
channels present. Instead, the channels contain staggered annular side pockets giving a 
pore diameter of 0.74 nm by 0.65 nm. The incorporation of the divalent (Me ) metal 
ions can lead to the structures shown in Figure 2.6 [27]. This structure consists of 
isolated P-OH groups together with the divalent metal ions as Lewis sites, which are 
considered to be the potential active sites. The Lewis acid sites are induced by Me2+, and 
the Bronsted acid site by the P-OH groups. The modification of the structure caused by 
metal substitution (e.g., formation of P-OH groups) combined with the Lewis acid site 
next to the P-OH group induces the catalytic activity of the metal-substituted materials. 
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MeAPO-36 aluminophosphate materials were synthesized by hydrothermal 
crystallization using the procedures developed by Flanigen and co-workers [18] from a 
reactive aluminophosphate gel containing additional divalent metal cations (Mg, Co, and 
Zn) and tripropylamine as an organic template, with the following molar compositions. 
MgAPO-36; 1.8 Pr3N: 0.17 MgO: 0.92 A1203: 1.0 P205: 40.0 H20: 0.33 HO Ac 
CoAPO-36; 2.0 Pr3N: 0.17 CoO: 0.92 A1203: 1.01 P2Os: 40.0 H20: 0.33 HO Ac 
ZnAPO-36; 1.9 Pr3N: 0.17 ZnO: 0.92 A1203: 1.01 P205: 40.0 H20: 0.33 HOAc 
3.2 Synthesis of Pr3N- MgAPO-36 
A solution containing 5.2 g of Mg(C2H302)2.4H20 (Aldrich) and 25.0 g of 
deionized water was slowly added into a solution containing 28.2 g of (85 wt %) 
orthophosphoric acid (Fisher) and 43.9 g of deionized water with stirring. To this 
mixture 15.8 g pseudoboemite Catapal B (Vista) followed by 33.8 g of tripropylamine 
were added slowly with continuous stirring. The reaction mixture was transferred into a 
Teflon lined stainless steel autoclave and hydrothermally crystallized at 100 °C for 50 hr 
and at 150 °C for 72 hr. The product was recovered by filtering and washing thoroughly 




3.3 Synthesis of Pr3N-CoAPO-36 
A solution containing 5.2 g of Co(C2H302)2-4H20 (Aldrich) and 30.0 g of 
deionized water was slowly added into a solution containing 28.8 g of (85 wt %) 
orthophosphoric acid (Fisher) and 60.0 g of deionized water with stirring. To this 
mixture 16.0 g of pseudoboehmite Catapal B (Vista) followed by 35.8 g of 
tripropylamine were slowly added with continuous stirring. The reaction mixture was 
transferred into a Teflon lined stainless steel autoclave and hydrothermally crystallized at 
100 °C for 96 hr and at 150 °C for 40 hr. The product was recovered by filtering and 
washing thoroughly with deionized water. The blue solid product was then dried in an air 
oven at 100 °C over night. 
3.4 Synthesis of Pr3N-ZnAPO-36 
A solution containing 4.6 g of Zn(C2H302)2.2H20 (Aldrich) 25.0 g of deionized 
water was slowly added into a solution containing 28.8 g of (85 wt %) orthophosphoric 
acid (Fisher) and 50.0 g of deionized water with stirring. To this mixture 16.0 g of 
pseudo-beohmite catapal B (Vista) followed by 32.2 g of tripropylamine were slowly 
added with continuous stirring. The mixture was transferred into a Teflon lined stainless 
steel autoclave and hydrothermally crystallized at 100 °C for 24 hr and at 150 °C for 50 
hr. After the hydrothermal crystallization the product was recovered by filtering and 
washing thoroughly with deionized water. Then the white product was dried in an air 
oven at 100 °C over night. 
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3.5 Calcining 
The as-synthesized dried samples of the MeAPO-36 were calcined in a 
Thermolyne tube furnace to remove the organic template by heating slowly for Pr3N- 
MgAPO-36 (530 °C), Pr3N-CoAPO-36 (480 °C), and Pr3N-ZnAPO-36 (450 °C) for 16 hr 
in the presence of dry airflow. 
3.6 Characterization 
3.6.1 X- ray powder diffraction 
The crystallinity of the as-synthesized Pr3N-MeAPO-36 samples, was ascertained 
by the X-ray powder diffraction method using a Philips X’ PERT diffractometer with 
CuKa radiation and nickel filters. The samples were first ground into fine powders and 
then packed into the aluminium sample holder cups. The X-ray source was a Cu-Ka 
anode, and the voltage and the current were maintained at 40 kV and 50 mA, 
respectively. The diffractometer was programmed to scan diffraction angles from 5 to 
50° (20) at a scan rate of 0.006° (20) s'1. Finally, the sample holder was mounted in the 
path of the X-ray beam and the instrument was activated by turning on the X-ray source 
through the computer interface. 
X-ray diffraction analysis of the y-alumina supported catalyst pellets was carried 
out by preparing physical mixture of 80 % y-alumina and 20 % crystalline MeAPO-36 as 
a reference XRD standard. Then a sample of each catalyst pellet was crushed and their 
XRD recorded and compared with the standard. 
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3.6.2 Thermogravimetric analysis (TGA) 
The thermogravimetric analysis data from the MeAPO-36 samples were obtained 
under inert and oxidizing atmospheres. The temperature programs used were: 
temperature range 30-930 °C heating rate 10 deg/min, flow rate of 100 cm3/min of air or 
nitrogen for CoAPO-36, and ZnAPO-36, and temperature range 28-938°C, heating rate 
10 deg/min, flow rate of 100 cm3/min of air or nitrogen for MgAPO-36 with platinium 
crucibles. 
3.6.3 Determination of acidity by IR spectroscopy 
Acidity of the MeAPO-36 catalysts was determined by using Diffuse reflactance 
infrared spectroscopy. The analysis was conducted by placing 0.042 g of the samples in 
to the environmental cell and using pyridine as an adsorbate. Prior to the adsorption of 
pyridine the samples were dried and evacuated in a high vacuum (5 x 10'4 bar) in the cell 
at 500 °C for 2 hr. The samples were then cooled to room temperature and saturated with 
10 bar of pyridine vapors for 30 minutes. After adsorbing pyridine, the samples were 
evacuated to remove the physically-adsorbed pyridine. For investigating the Bronsted 
and Lewis acid sites, the desorption of pyridine was carried out in the temperature range 
of 100-500 °C. In this analysis, six spectra were recorded for each sample. One at room 
temperature before the desorption of physically adsorbed pyridine, and five after 
evacuating the physisorbed pyridine in the temperature range 100-500 °C. Bronsted and 
Lewis acid sites were determined on the basis of the absorbance of the PyB bands which 
appear at 1543 cm'1 and the PyL band near the 1447 cm'1; where py is pyridine, B is a 
Bronsted acid site and L is a Lewis acid site [23], 
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3.6.4 Surface area analysis 
Multiple-point BET surface area analysis was done on the as-synthesized and 
calcined MeAPO-36 samples using a Micromeritics Gemini 2360 Surface Area Analyzer. 
The analysis was done by degassing the samples for 2 hr at 200 °C before performing the 
surface area measurements. Adsorption was performed at 77 K and nitrogen was used as 
an adsorbate. 
3.6.5 Determination of pore size distribution by mercury porosimetry 
The analysis of the pore size distribution was carried out by using mercury 
porosimetry. Prior to the analysis a weighed portion (1.5 g) of the sample was placed in 
the penetrometer and evacuated to 50 pmHg by placing the penetrometer in the low- 
pressure chamber and using a vacuum pump. When the pressure drops to 50 pmHg the 
sample was filled with mercury and low pressure data (0.0034-0.17 MPa) were collected. 
Then high-pressure data (0.17-206 MPa) were collected by placing the penetrometer in 
the high pressure chamber. The results are reported as plots of pore volume and 
cumulative pore volume as a function of pore diameter. 
3.6.6 Chemical analysis by ICP/MS 
3.6.6.1 Preparations of samples 
The elemental analysis of the as-synthesized Pr3N-MeAPO-36 was determined by 
using the Perkin Elmer Elan 5000 ICP/MS. A stock solution of the as-synthesized 
MeAPO-36 samples (MgAPO-36, CoAPO-36 and ZnAPO-36) was prepared by 
dissolving 0.10 g of sample in 10.0 mL of 1% HNO3 and digested by heating slowly on a 
hot plate. The solution was then filtered into a 50.0 mL volumetric flask and filled up to 
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the mark with deionized water. The stock solution was diluted 200x, with deionized 
water for the analysis of Co, Mg and Zn. 
3.6.6.2 Preparations of Standards 
The standard solution for the analysis of Co, Mg, and Zn was prepared by taking 
1000 pL from a stock solution containing 1000 pg/mL of each element into a 10.0 mL 
volumetric flask and filling to the mark with deionized water. From this solution the 
following standards were prepared: 25, 50, 100, 200, and 500 ppb. 
3.7 Preparation of catalyst pellets 
The preparations of the catalyst pellets involves two successive steps: First 
alumina paste suitable for extrusion was prepared from psuedoboemite Catapal B by 
kneading the psuedoboemite powder with 1.5 % HNO3 (peptizing) solution. Then the 
paste was mixed with the MeAPO-36 composite catalyst and kneaded until it formed a 
plastic-feeling paste. In a typical experiment, 8.0 g of the psuedoboehmite powder, 2.0 g 
of MeAPO-36, 6.5 g water, and appropriate quantities of peptizing agent were used for 
each batch. The peptizing agent (1.5% HNO3) was added slowly over 20 minutes with 
continuous mixing and kneading [32], The paste was extruded through a garlic press, 
then dried in a Thermolyne tube furnace at 250 °C for an hour. The dried extrudates were 
then calcined at 250 °C for 1 hr and 500 °C for 2 hr in the presence of a dry airflow. The 
pellets were then impregnated with 15 wt % ammonium heptamolybdate solution, dried 
for 12 hr at 100 °C in an air oven, and calcined for 2 hr at 500 °C under dry air 
circulation. Nickel was then introduced by a second impregnation with 16 wt % nickel 
nitrate solution, followed by drying at 100 °C in an air oven and final calcination for 1 hr 
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at 500 °C. All the impregnated and supported extrudates were with diameters of 0.24 cm 
and lengths of 0.275 cm. 
3.8 Gas oil conversion 
3.8.1 The catalytic reactor 
Hydrocracking of the gas oil was carried out in a stirred 500 mL batch Parr 
autoclave model number 4570 high temperature and high pressure (HT/HP) reactor 
shown in Figure 3.1. The line connecting the hydrogen gas cylinder to the reactor, which 
extends near to the bottom is the gas inlet valve. The line in the middle is water-cooled 
magnetic drive stirrer. The line, which extends from the reactor to the vent, is the gas 
release valve. All the connections are fitted with stainless steel tubes. On the tip of the 
magnetic drive stirrer, inside the reactor is a static catalyst basket. The basket holding the 
catalyst remains stationary while the impeller on the stirring shaft directs the flow of 
reactants over the surface of the contained catalyst. This basket is used to minimize the 
attrition of the catalysts. 
3.8.2 Catalytic reactions 
Prior to each reaction, the y-alumina MeAPO-36 composite catalysts were 
impregnated with Ni and Mo and subsequently sulfided with 5 Vol. % H2S and 95 Vol. % 
H2 at 400 °C for 2 hr. The reactor was then charged with 40 mL of the gas oil feed and 
4.0 g of the catalyst. The reaction conditions for the hydrocracking experiments were 








Figure 3.1 Schematics of the catalytic reactor used in gas oil conversion. 
The feedstock used was a metal free, low sulfur gas oil containing 79 % heavy 
fractions. This and other properties of the feedstock are given in Tables 3.1 and 3.2. 
Table 3.1 Properties of untreated gas oil 2034 feedstock* 
| Property Gas oil 
SulfUr content (wt %) 0.98 
Nitrogen content (ppm) 254 
Carbon Conrdson (wt %) 0.25 
Density gm/cm3 (15.6 °C) 0.9018 
Refractive index (66 °C) 1.4825 
* Gas oil from BDM Petroleum Technologies 
Table 3.2 Distillation cuts of the gas oil 2034 feedstock* 












IBP = Initial boiling point 
FBP = Final boiling point 
*Gas oil from BDM Petroleum Technologies 
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3.9 Analysis of gas oil products using simulated distillation by gas chromatography 
After the reaction, the liquid products were analyzed by GC/FID using the ASTM 
D2887 simulated distillation method. The gaseous products were collected through 
evacuated 125 mL Supelco gas bulbs which were attached via the gas release valve on 
the reactor. These samples were injected to the GC/FID by using Supelco 250 pL 
gastight syringes. Analysis of the gas oil products were done by using Shimadzu GC- 
14A gas chromatograph fitted with FID detector under the following parameters: 
Column: Capillary column At-2887 10 m x 0.53 mm x 1.2 pm 
Injector temperature 250 °C 
Detector temperature 275 °C 
Initial oven temperature 35 °C for 1 min. 
Temperature program 340 at 15 °C/min 
The GC parameters for the analysis of gaseous products were: 
Column: Porapak Q, 50/80, 180 cm x 0.313 cm metal 
Injector temperature 200 °C 
Detector temperature 200 °C 
Initial oven temperature 40 °C for 5 min. 
Temperature program 150 °C at 15 °C/min 
GC-MS analysis was also done to identify the type compounds in the hydrocracked gas 
oil products. The parameters for the GC-MS analysis were the same as the GC/FID, but 
the column and detector are as follows: 
Column: HP 5890A 30.0 m x 0.53 mm 
Detector: Hewlet Packard 5972 mass selective detectors. 
CHAPTER 4 
RESULTS AND DISCUSSION 
4.1 X-ray powder diffraction analysis of MeAPO-36 
A crystal may be considered as a three-dimensional array of atoms which acts as a 
three-dimensional diffraction grating for X-rays of wavelength comparable to the inter¬ 
atomic distance and interplanar spacing within it. When a beam of X-ray passes through 
the crystal, the X-rays diffracted by the atoms in successive planes will mutually 
extinguish one another unless reflections from adjacent planes are in phase. Thus, X-ray 
diffraction provides a convenient and practical means for identifying and characterizing 
catalytic materials. The method is based upon the fact that the diffraction pattern is 
unique for each crystalline material. The identification of a species from its powder 
diffraction pattern is based upon the position of the lines (in terms of 20) and their 
relative intensities. The line intensities depend upon the number and kind of atomic 
reflection centers that exist in each set of planes. 
Figures 4.1-4.3 show the XRD patterns of the as-synthesized forms of CoAPO-36, 
MgAPO-36, and ZnAPO-36, respectively. A sample of highly crystalline MgAPO-36 
(13615-56) was used as a reference XRD standard. Comparison of the diffractograms 
from our samples with that of the reference show that our samples are 100 % crystalline. 
After calcination the samples lost 20, 30 and 35 % of their crystallinity for CoAPO-36 
MgAPO-36, and ZnAPO-36, respectively. The XRD d values vs the relative intensity 
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shown in the diffractograms and summarized in Table 4.1 are in excellent agreement with 
the results reported in the literature [27], This confirms the synthesis of crystalline 
MeAPO-36 samples. 
Figure 4.1 X-ray diffraction pattern of the as-synthesized CoAPO-36. 
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Figure 4.2 X-ray diffraction pattern of the as-synthesized MgAPO-36. 
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Figure 4.3 X-ray diffraction pattern of the as-synthesized ZnAPO-36. 
Table 4.1 X-ray diffraction data of the MeAPO-36 catalysts 
d-value (À) Angle (20) Relative intensity 
11.20 7.89 39.6 
6.54 13.53 9.4 
5.61 15.78 14.4 
5.39 16.43 61.2 
4.64 19.11 100 
4.28 20.75 74.5 
4.09 21.67 31.9 
4.02 22.08 57.5 
3.95 22.50 70.3 
3.87 22.96 21.9 
3.71 23.96 17.6 
3.27 27.4 32.8 
3.15 28.31 29.2 
3.08 29.00 18.3 
2.94 30.30 14.4 
2.80 31.90 14.4 
2.68 33.35 2.9 
2.57 34.84 36.6 
2.50 35.87 10.4 
2.36 38.035 10.6 
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4.2 Thermogravimetric analysis (TGA) 
All the as-synthesized forms of the metal aluminophosphates structures have 
occluded organic templates. In most cases, the complete removal of this organic template 
is achieved by air calcination via pyrolysis and combustion. Thermal analysis provides 
information about the nature of physical and chemical changes in a material as a function 
of temperature, and measures the continuous change in weight. This thermal analysis 
provides information about the amount of occluded organic templates in the samples, the 
temperature to be used for calcining, the water content, and the thermal stability. 
The water content and the occlusion of the organic templates of the as-synthesized 
MeAPO-36 samples were determined by thermal analysis using the Universal VI.7F 
Thermal Analyzer. Figures 4.4-4.6 show the removal of water and the decomposition of 
the organic template in oxidizing and inert atmospheres for the MeAPO-36 samples. It is 
seen from these figures that in an oxidizing atmosphere, the removal of the occluded 
materials occur in four distinct stages. In the first stage, the weight loss observed is due 
to the desorption of physisorbed water and tripropylamine from the MeAPO-36 samples. 
The second stage corresponds to the desorption of the occluded tripropylamine. In this 
stage, the removal of the tripropylamine is due to its oxidative decomposition, which is 
an exothermic process. In the third and fourth stages, the weight loss is mostly due to the 
slow decomposition of strongly adsorbed tripropylamine. In an inert atmosphere most of 
the processes occurring in the removal of occluded materials from the pores of MeAPO- 
36 samples are endothermic. The process occurs in three stages. In the first stage, the 
weight loss is due to the desorption of physisorbed water and tripropylamine. In the 
second and third stages, the weight loss corresponds to the desorption of the occlude 
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organic template. Figures 4.7 and 4.8 show the DTA curves for MgAPO-36 in inert and 
oxidizing atmospheres. The behavior of the curves for CoAPO-36 and ZnAPO-36 are 
similar to that of MgAPO-36. The thermal analysis results for all the catalysts are 
presented in Tables 4.2-4.4. The results indicate that the initial weight loss observed 
associated with an endotherm is due to the desorption of water. The decomposition of 
organic template occurs at about 490, 530 and 480 °C for CoAPO-36, MgAPO-36 and 
ZnAPO-36, respectively. 
Figure 4.4 TGA curves for the decomposition of the as-synthesized CoAPO-36 (a) in 








Figure 4.5 TGA curves for the decomposition of the as-synthesized MgAPO-36 (a) in 









Figure 4.6 TGA curves for the decomposition of the as-synthesized ZnAPO-36 (a) in 









Figure 4.7 TGA and DTA curves for the decomposition of the as-synthesized 











Figure 4.8 GA and DTA curves for the decomposition of the as-synthesized 
MgAPO-36 in nitrogen. 
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Table 4.2 Summary of TGA data of the as-synthesized CoAPO-36 
Decomposition zone Temperature range (°C) Wt. loss (%) Total wt. loss (%) 
I* 30-432 9.67 9.67 
II* 432-487 5.07 14.74 
III* 487-920 2.69 17.43 
J** 30-418 9.40 9.40 
H** 418-535 3.18 12.58 
III** 535-689 3.87 16.45 
IV** 689-818 0.16 16.61 
* Decomposition in nitrogen 
^Decomposition in air 
Table 4.3 Summary of TGA data of the as-synthesized MgAPO-36 
*Decomposition in nitrogen 
^Decomposition in air 
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Table 4.4 Summary of TGA data of the as-synthesized ZnAPO-36 
Decomposition zone Temperature range (°C) Wt. Loss (%) Total wt. loss (%) 
I* 28-427 12.35 12.35 
II* 427-582 2.88 15.23 
III* 582-854 2.15 17.38 
I** 28-425 10.94 10.94 
JJ** 425-486 1.72 12.66 
III** 486-691 4.29 16.95 
iv** 691-894 0..434 17.38 
*Decomposition in nitrogen 
^Decomposition in air 
4.3 Acidic properties of MeAPO-36 
Acidic sites are generally regarded as the active centers on certain oxides, which 
catalyze such reactions as cracking, isomerization and polymerization [31], The 
existence of the acidic sites can be ascertained by the ability of certain oxide surfaces to 
adsorb basic molecules such as ammonia and amines, and to give characteristic colors 
with acid-base indicators. The acid sites on the oxide surfaces are considered to be of 
two types. Lewis acid sites, capable of accepting electrons from the adsorbate molecules, 
and Bronsted acid sites, which can donate a proton to the adsorbate molecule. The 
adsorption of pyridine was employed to qualitatively determine the presence of Lewis 
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and Bronsted acid sites on the MeAPO-36 oxide surfaces by using diffuse reflectance 
infrared spectroscopy (DRIFTS) with 4 cm'1 resolution. The infrared spectra can readily 
distinguish coordinated pyridine in complexes such as pyridine and BH3, from the 
pyridinium ion. The former species would be analogous to that formed by the adsorption 
of pyridine onto Lewis sites and the latter to that formed by the adsorption of pyridine 
onto Bronsted sites. 
Figure 4.9 (a and b) shows the infrared spectrum of the MeAPO-36 (MgAPO-36 
and CoAPO-36) samples after the desorption of chemisorbed pyridine at 100 °C 
pretreated in vacuum. The bands at the 1448, 1544 and 1490 cm'1; are ascribed to Lewis 
and Bronsted and or Bronsted acid sites respectively, indicating the presence of Lewis 
and Bronsted acid sites on MeAPO-36 materials [23], In these materials, the framework 
acidity is produced by the substitution of Me2’ into some of the aluminium sites in the 
aluminophosphate framework. Figure 4.9 (c ) shows the DRIFTS spectrum obtained 
after the CoAPO-36 catalyst was ion-exchanged by treating with 0.5 M NaNOî solution 
for 2 hr. The disappearance of the acidic sites indicated that the MeAPO-36 sample 
possesses exchangeable protons, and the presence of these acidic sites can be due to the 
P-OH groups in the metal aluminophosphate samples. 
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Figure 4.9 Spectra of chemisorbed pyridine for (a) MgAPO-36 (b) CoAPO-36 and 
(c ) NaCoAPO-36 at 100 °C. 
4.4 Surface area and pore size distribution analysis 
The surface area analysis was based on the Brunauer, Emmet and Teller (BET) 
equation [29], When a porous sorbent is exposed to a gas, initial adsorption occurs as a 
monolayer of the adsorbate. As the relative pressure is increased, and the monolayer 
nears completion, molecules start adsorbing successively into the second and higher 
layers, with the result that the isotherm shows no saturation value as the relative pressure 
approaches unity. Equation (3.1) shows the mathematical form of the BET equation: 
P/V(P0-P) = l/VmC + (C-l)(P)/VmCP, (3.1) 
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Where P is the equilibrium pressure, P0 is the saturated liquid vapor pressure, V is the 
volume of adsorbate adsorbed at P/P0, Vm is the monolayer capacity and C is a constant. 
The BET equation is valid in the relative pressure range of P/P0 = 0.05 to P/P0 = 0.35. 
Deviations below a relative pressure of 0.05 are due to neglect of surface heterogeneity, 
while deviations above a relative pressure of 0.35 are due to neglect of adsorbate 
condensations. 
Analysis of pore size distribution was carried out by using mercury porosimetry. 
Mercury porosimetry is based on capillary law governing a non-wetting liquid like 
mercury penetrating into small pores [30]. This law is expressed by equation 3.2. 
D = - (l/p)4ycos0 (3.2) 
where D is pore diameter, P the applied pressure, y the surface tension, and 0 the contact 
angle. The volume of mercury penetrating the pores is measured directly as a function of 
the applied pressure. This D-V (V is volume of mercury) information serves as a unique 
characterization of pore structure. 
The properties of the unsupported and NiMo/MeAPO-36 supported on y-alumina 
catalysts derived from the BET surface area analysis and mercury porosimetry 
experiments are given in Table 4.5. The results indicate that the calcined and unsupported 
MeAPO-36 samples show high surface areas. Of the MeAPO-36 samples, CoAPO-36 
has the highest surface area and ZnAPO-36 the lowest. After impregnation with Ni and 
Mo, a decrease in surface area was observed in all the catalysts. Figure 4.10 shows that 
for the NiMo/MeAPO-36/y-alumina based composite catalysts, most of the pore size 
distribution corresponds to the macropore range, which is defined as the volume of pores 
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with diameters greater than 250 Â [10]. Experiments conducted by Dai and Campbell 
[10] showed that the NiMo alumina based catalysts have a narrow pore size distribution 
with at least 75 % of pore volume in pores with diameters between 100-160 Â .In this 
investigation, we have used simple manual mixing and a garlic press for extruding the 
paste and preparing the catalyst pellets. The degree of mixing and the characteristics of 
the raw material used affect the pore size distribution [44]. The large macropore 
distribution of the catalysts obtained may be attributed to the mixing and forming 
processes we have used. However, the total pore volume of the NiMo/MeAPO-36/y- 
alumina composite catalysts is in good agreement to the ones stated in the literature [10]. 
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Table 4.5 Properties of unsupported and y-alumina supported NiMo/MeAPO-36 
catalysts 
Catalyst BET surface area Pore volume Average pore 
(m2/gm) 
■3 
(cm /gm) diameter (nm) 
CoAPO-36 237 - - 
N iMo/Co APO-3 6 173 0.62 76.6 
MgAPO-36 225 - - 
N iMo/Mg APO-3 6 156 0.43 47.8 
ZnAPO-36 155 - - 
NiMo/ZnAPO-36 119 0.51 57.2 
y-alumina 263 - - 
N iMo/y-alumina 210 0.49 21.3 
*NiMo/y-alumina 179 0.53 12.1 
* Data obtained from literature for NiMo/y-alumina supports [10] 
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Pore Diameter (nm) 
Pore Diameter (nm) 
Figure 4.10 Pore size distribution of the NiMo/y-alumina/CoAPO-36 catalyst. 
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4.5 Chemical composition of the unsupported and y-alumina supported catalysts 
Table 4.6 shows the metal and metal oxide content of the as-synthesized and y- 
alumina supported MeAPO-36 catalysts. This elemental analysis shows that there are no 
extraneous elements in the aluminophosphate framework and the metal oxide 
compositions are within the desired range (0.5-3 wt % NiO and 12-25 wt % M0O3) for 
the hydrotreating of gas oil under MHC conditions. 
X-ray diffraction analysis of the NiMo/MeAPO-36/y-alumina supported catalyst 
pellets indicated that after impregnation, the MeAPO-36 samples were shown to preserve 
their crystallinity. 
Table 4.6 Chemical composition of the unsupported and y-alumina supported catalysts 
Catalyst Wt % of Me2+ Wt % of NiO Wt % of M0O3 
CoAPO-36 4.9 - - 
MgAPO-36 4.4 - - 
ZnAPO-36 3.1 - - 
NiMo/CoAPO-36/y-alumina 2.0 2.2 17.4 
N iMo/Mg APO-3 6/y-alumina 1.7 1.4 18.5 
NiMo/ZnAPO-36/y-alumina 1.6 1.5 13.5 
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4.6 Analysis of gas oil products using simulated distillation by gas chromatography 
Simulated distillation by gas chromatography was first introduced by Eggerston et 
al. [32] in 1960. The method is based on the fact that hydrocarbons are eluted from a non¬ 
polar column in their boiling point order. A calibration standard mixture containing a 
series of n-alkanes whose boiling points are known accurately serves for establishing the 
correlation between retention time and distillation temperature [33] as illustrated in Table 
4.7 and Figure 4.11. The time axis is converted to temperature by running a standard 
under identical conditions to that of the sample. Just as retention time is correlated to 
distillation temperature, the accumulated area under the chromatogram is related to the 
amount of sample recovered in a bulk distillation. This analogy implies that the detector 
response is identical for all eluting species. It is has been shown that the flame ionization 
detector responds fairly consistently on a mass basis to most hydrocarbons, even those of 
different classes [33]. Prior to the sample analysis the GC/FID instrument was calibrated 
by using ASTM crude oil quantitative standards (Supelco D-2887) as presented in Table 
4.8. In calibrating the GC/FID instrument one of the components in the standard mixture 
was missing in the chromatograms. This gives a slight deviation of the results from the 
given value. But it indicated that the FID response to the hydrocarbons is fairly 
consistent with the theoretical expectations. 
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Table 4.7 n-Alkane peak assignment in Figure 4.11 
Peak number Hydrocarbon type 
1 Hexane (Cô) 
2 Heptane (C7) 
3 Octane (Cg) 
4 Nonane (C9) 
5 Decane (C10) 
6 Undecane (Cn) 
7 Dodecane (C12) 
8 Tetradecane (C14) 
9 Hexadecane (CIô) 
10 Octadecane (Cjg) 
11 Eicosane (C20) 
12 Tetracosane (C24) 
13 Dotriacontane (C32) 












y = 0.0008X5 - 0.0448X4 + 0.956x3 - 9.2213x2 + 60.325x + 24.511 
Retention Time/min 
Figure 4.11 Calibration plot of n-alkane standards. 
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Table 4.8 FID calibration using quantitative crude oil calibration mixture 
Analyte Carbon number Expected wt % Experimental wt % 
n-T etratetracontane 44 6.25 - 
n-Tetracontane 40 6.25 6.75 
n-Hexatriacontane 36 6.25 6.81 
n-Doctriacontane 32 6.25 6.90 
n-Octacosane 28 6.25 6.86 
n-Tetracosane 24 6.25 6.98 
n-Eicosane 20 6.25 6.96 
n-Octadecane 18 6.25 7.11 
n-Heptadecane 17 6.25 7.38 
n-Hexadecane 16 6.25 7.32 
n-Pentadecane 15 6.25 7.98 
n-Tetradecane 14 6.25 6.11 
n-Tridecane 13 6.25 5.71 
n-Dodecane 12 6.25 5.34 
n-Undecane 11 6.25 5.52 
n-Decane 10 6.25 6.19 
Simulated distillation achieved formal status as an ASTM standard method in 
1973 under the designation D2887, boiling range distribution of petroleum fractions by 
gas chromatography [34], It is applicable to all petroleum products boiling below 538 °C 
57 
and having distillation ranges of at least 38 °C. In this analysis, we used the polynomial 
equation (Figure 4.11) derived from the calibration standards to relate the retention time 
and boiling points, where x represents retention time and y boiling point of the samples. 
GC-MS analysis was also used to identify the type of hydrocarbons in the catalytically 
treated and untreated samples. 
Figures 4.12 and 4.13 show the chromatograms of the untreated and the 
catalytically hydrocracked samples, respectively. The untreated oil shows most of the 
products in the chromatogram eluting between 8 and 20 minutes which corresponds to 
high concentrations of large hydrocarbons. On the other hand, the CoAPO-36 treated 
product shows most of the peaks (compounds) eluting between 0 and 10 minutes, 
indicating a significant level of low molecular weight compounds in the product. GC-MS 
analysis was used to identify the compounds which were then grouped in categories 
presented in Table 4.9. The results from this analysis indicated that the untreated sample 
contains predominantly large paraffins and multi-ring aromatics. Both catalytically 
hydrocracked samples have more straight chain and branched chain saturates and less 
multi-ring aromatics or large paraffins. Compared with the untreated oil in the C13-C20 
range, the percentage of paraffins in the product can be related to the amount of y- 
alumina in the catalyst; more y-alumina gives more straight chain products. The activity 
of the CoAPO-36 can be seen in the C5-C12 product distribution. The presence of 
CoAPO-36 in the catalyst results in a higher product distribution of C5-C12 n-alkanes, 
benzene and toluene. In the absence of CoAPO-36, with pure y-alumina catalyst, no 
benzene or toluene was formed and more branching was observed among the alkanes. 
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This may be related to the channel architecture of the CoAPO-36 imposing restrictions on 
the reactants and products formed. Large reactants would not enter its channels and the 
cracking of straight chain paraffins can only form mainly n-alkanes. Branched alkanes 
are not formed due to steric restrictions. In all the cases, the production of C1-C4 gases 
was very low. Figure 4.14 shows the chromatogram of the gaseous products obtained in 
the MHC of the gas oil. The gaseous products are methane, ethane, propane, butane and 
pentane. Figure 4.15 compares the results of the gas oil conversion on MeAPO-36 
catalysts containing Co, Mg, and Zn to y-alumina and to the untreated sample under 
MHC conditions. For all three catalysts an increase in product distribution towards 
naphtha and middle distillates was observed. In this investigation, the CoAPO-36 based 
catalyst shows the highest activity at the specified reaction conditions. The relatively 
high percentage conversion obtained on the CoAPO-36 catalyst can be related to its high 
surface area and large pore size, which would favor a high dispersion of the active 
species while increasing the accessibility of the larger molecules of the gas oil containing 
hetroatoms to the catalyst’s active sites. However, the activity of the MgAPO-36 and 
ZnAPO-36 catalysts are comparable to that of y-alumina. The net MHC conversion of 
the gas oil towards naphtha and middle distillates has been calculated as follows. First 
the percentage distribution of the products into naphtha, middle distillates and heavy oil 
was regrouped by using the boiling point cuts. Then, the percentage yields of the 
distribution of the products towards naphtha, middle distillate and heavy oil were 
calculated by relating the weight recovered to the weight input. Table 4.9 shows the 
summary of the distribution of the products in the MHC of the gas oil for the different y- 
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alumina supported catalysts. The percentage conversion of the MeAPO-36 catalysts 
obtained was 71.3, 60.8, and 58.6 wt % for CoAPO-36, MgAPO-36 and ZnAPO-36, 
respectively. 
xf CD OJ M> O xf 
-r—1 lH OJ OJ 
Retention time (min) 
Figure 4.12 Gas chromatograms of the gas oil before catalytic treatment. 
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Retention time (min) 
Figure 4.14 Gas chromatogram of gaseous products. 
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Table 4.9 Comparison of the identities of the hydrocarbon types in the catalytically 
treated and untreated sample 
Moiety CoAPO-36 y-alumina Untreated oil 
wt % wt % wt % 
Straight chain 
(Paraffins) 
C5-C12 18.9 7.0 0.3 
C13-C20 27.4 31.9 23.0 
C21-C36 6.8 14.5 27.0 
Branched chain C5-C12 7.1 5.0 4.1 
(Paraffins) 
C13-C20 4.9 11.5 1.9 
C21-C36 2.0 - - 
Cyclic C5-C12 6.9 6.0 8.1 
Aromatics 
Mono Benzene 11.0 6.2 0.9 
Toluene 3.5 - - 
Di Naphthalene 5.3 8.5 18.6 
Fluorene 0.8 0.9 1.1 
Indene 2.9 2.3 0.7 
Poly Phenanthrene 2.5 2.4 2.6 
Antracene 0.3 - 1.5 
N2 compounds N-compounds - 3.5 10.1 
Table 4.10 Product distribution obtained in MHC of the gas oil 
Catalyst C1-C4 Naphtha *Mid. dist. Heavy Resid Total 
CoAPO-36 1.9 30.6 33.5 19.8 - 86 
MgAPO-36 2.4 18.1 36.0 26.83 - 83 
ZnAPO-36 1.8 16.9 35.9 27.2 - 82 
y-alumina 2.2 17.5 33.4 25.5 - 78 
No. catatlyst. - 4.7 28.7 45.4 12.3 91 
Untreated - 1.5 24.5 68.4 5.5 100 
Note: The boiling point cuts used to regroup the distillates were: 
Naphtha: C5-177 °C BP; Middle distillates: 177-343 °C BP; Gas (heavy) oil 
343- 525°C BP; Resid: 525 °C+. 




















Type of Catalyst Used 
Figure 4.15 MHC conversion of the gas oil obtained at 400 °C reaction temperature on 
the different supported catalysts. 
CHAPTER 5 
CONCLUSION 
Highly crystalline MeAPO-36 containing divalent forms of Co, Mg, and Zn were 
synthesized by hydrothermal crystallization from a reactive gel containing similar molar 
compositions. The catalysts were characterized for crystallinity, thermal stability, 
acidity, surface area and pore size distribution using XRD, thermal analysis (TGA), 
DRIFTS, nitrogen BET and mercury porosimetry, respectively. The results from these 
analyses indicated that the catalysts possess high thermal stability, Bronsted and Lewis 
acid sites, and high surface area. MeAPO-36 maintained high crystallinity after they 
were incorporated into y-alumina pellets. The macroporosity of these composite catalyst 
pellets were approximately three times to that of published values for related materials. 
Crystalline large-pore, metal-containing molecular sieves of the type MeAPO-36 
show potential catalytic activity for the conversion of gas oil into middle distillates and 
naphtha under MHC conditions. The presence of high surface area, large pore volume 
and large pore distribution together with high acidity and high thermal stability produces 
high cracking activity. In this investigation, the CoAPO-36 catalyst shows the highest 
activity. The activity of MgAPO-36 and ZnAPO-36 were comparable to that of y- 
alumina. The incorporation of CoAPO-36 in y-alumina results in high catalytic activity 
compared with the parent y-alumina. However, this composite catalyst produces a high 
level of n-alkanes. This is speculated to be due to the pore size restriction imposed by the 
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level of n-alkanes. This is speculated to be due to the pore size restriction imposed by the 
straight channels within CoAPO-36. Future work will involve testing of the catalysts for 
the upgrading of heavy vacuum resids under MHC conditions. 
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